The use of 0.02nm bandwidth optical bandpass filters with 0.01nm wavelength offsets from optical carrier wavelengths in the optical OFDM (OOFDM) transmitter improves optical power budgets by 7dB at a total channel BER of 1×10 -3 in directly modulated laser-based IMDD PON systems.
Introduction
Optical orthogonal frequency division multiplexing (OOFDM) [1, 2] has been widely considered as one of the strongest contenders for next-generation passive optical networks (NG-PONs), because of its high spectral efficiency, excellent resistance to linear impairments, as well as system scalability and flexibility. To practically implement OOFDM NG-PONs, intensity modulation and direct detection (IMDD) [1] [2] [3] [4] [5] [6] links using directly modulated DFB lasers (DMLs) [2] [3] [4] [5] are very promising due to their cost-effectiveness and compatibility with existing PONs.
In a DML-based IMDD OOFDM PON system without chromatic dispersion compensation and in-line optical amplification, experimental demonstrations have been reported recently of end-to-end real-time OOFDM transceivers at record-high signal bit rates of up to 11.25Gb/s [2]. However, optical power budgets (OPBs) of approximately 20dB observed in the real-time OOFDM systems may not be sufficiently high to satisfy the requirements of NG-PONs. Moreover, the achievable OPB of the proposed system is mainly limited by the low signal extinction ratio (ER) of the DML modulated OOFDM signal due to the existence of strong DC component [2, 4, 5] . For conventional signal modulation techniques, narrowband optical filtering [7, 8] has been proposed to improve the DML-modulated signal ER via converting unwanted chirp-induced frequency modulation (FM) into useful amplitude modulation (AM). This is a promising approach as it enables reuse of the existing PON systems without introducing significant alterations to installed fiber plants. However, detailed explorations of the impacts of the effect of optical filtering on the OOFDM system performance have not been reported.
In this paper, we propose the use of a wavelength-offset narrowband optical bandpass filter (OBPF) in the transmitter to considerably improve the DML-modulated OOFDM signal ER and thus the system OPB. It is shown that a 0.01nm offset OBPF having a 3dB bandwidth of 0.02nm enables a 7dB increase in OPB at a BER of 1×10 -3 .
Network architecture and theoretical models
Fig. 1 depicts the OOFDM transmission system used here, which comprises an OOFDM transmitter, an SMF link without in-line optical amplification and chromatic dispersion compensation, and an OOFDM receiver. In the transmitter, the generation of an electrical OFDM signal in the OFDM modem [6] is outlined as following: data modulation format mapping using 64-QAM, inverse fast Fourier transform (IFFT), cyclic prefix insertion, OFDM symbol serialization and digital-to-analog conversion (DAC). To pre-compensate for the system frequency response roll-off effect induced by optical and electrical components involved in the transmission system, variable power loading [2] is applied to the subcarriers prior to the IFFT. The electrical OFDM signal is then combined with an optimum DC current to directly drive a DFB laser. The output OOFDM signal from the DML is fed to a tunable OBPF which is finely detuned to provide an optimum wavelength offset from the optical carrier wavelength. The wavelength offset can enhance the conversion from the unwanted FM components into the useful AM components, thus resulting in a maximized OOFDM signal ER without significantly distorting the OOFDM signal spectrum. A variable optical attenuator (VOA) is then used to fix the launched OOFDM signal power at an optimum level. After transmitting through the SMF link, the OOFDM signal is first attenuated by a VOA and then detected by a squarelaw photon detector. An electrical low-pass filter (LPF) is employed to remove the noise outside the useful OFDM signal band. The electrical OFDM signal is finally processed and recovered in the receiver OFDM modem [6] . In this paper, comprehensive DML model [3] is employed to describe the dynamic optical characteristics of the DML modulated OOFDM signals. The OOFDM signal ER is defined in [6] . When the tunable OBPF is not employed, the validity of the DML-based IMDD OOFDM SMF system model shown in Fig.1 has been rigorously verified at both device and system levels, and excellent agreements have been observed between theoretical results and experimental measurements using real-time end-to-end OOFDM transceivers [2] . In numerical simulations, all parameter values that are made known in the real-time experiments [2] are treated as default constants. For simulating DFB lasers operating at 1550nm, the parameters identical to those reported in [3] are considered. 
Simulation results
The effectiveness of the proposed technique is examined in Fig.2 , where the total channel BER versus received optical power is plotted for various OBPF bandwidths of 0.02nm (1.44dB ER), 0.03nm (0.8dB ER) and 0.04nm (0.55dB ER). In obtaining Fig.2 , the wavelength offset is set at 0.01nm (1.25GHz) and the transmission distance is taken to be 25km. For comparison, the BER performance of the OOFDM signal without applying the technique is also shown in the same figure, which is in well agreement with the experimental measurements [2]. The filtered OOFDM signal is launched into the SMF link at a fixed optical power of 7dBm [2] . Fig.2 shows that a reduction in OBPF bandwidth considerably decreases the received optical power required at a total channel BER of 1.0×10 -3 . Compared with the unfiltered case, for a 0.01nm wavelength offset, an OBPF with a 0.02nm bandwidth can increase the signal ER from 0.2dB to 1.44dB, resulting in an OPB improvement as large as 7dB. Fig. 3 explores the optimum wavelength offsets for various OBPFs with different 3-dB bandwidths of 2.5GHz, 5GHz, 10GHz and 15GHz. Fig. 3(a) shows that for a fixed OBPF bandwidth, there exists an optimum wavelength offset, corresponding to which a maximum improvement in OPB can be obtained at a total channel BER of 1.0×10 -3 . Below the optimum value, the increase in OPB with increasing wavelength offset is due to the growth of the OOFDM signal ER [ Fig. 3(b) ]; Whilst for wavelength offsets exceeding the optimum value, the BER performance degradation occurs due to the strongly distorted OOFDM spectra. Fig. 3(a) also shows that the optimum wavelength offset increases with increasing OBPF bandwidth, and that the maximum achievable OPB decreases with increasing OBPF bandwidth. This arises from the fact that a wide bandwidth OBPF gives less steep spectral profile edges, leading to small OOFDM signal ERs, as shown in Fig. 3(b) .
